I. INTRODUCTION

W
ITH the proliferation of intermittent renewable energy resources in both transmission and distribution systems, it has become increasingly challenging in many power systems to balance generation and demand by passively scheduling the generation to follow the demand [1] . As a result, there is increased realization in the electricity industry that new approaches are needed to adapt to this changing landscape and ensure secure, efficient and reliable operation of the entire electricity infrastructure. Transactive energy (TE) [1] - [4] was proposed as a promising approach for addressing the challenges by orchestrating a large number of devices to actively respond to system conditions. The authors are with the Pacific Northwest National Laboratory, Richland, WA 99354 USA (e-mail:, qiuhua.huang@pnnl.gov; thomas.mcdermott@pnnl. gov; yingying.tang@pnnl.gov; atefe.makhmalbaf@pnnl.gov; donald.hammer strom@pnnl.gov; andrew.fisher@pnnl.gov; laurentiu.marinovici@pnnl.gov; trevor.hardy@pnnl.gov).
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To date, there are several TE mechanisms reported in the literature, including double-auction [6] , PowerMatcher [1] , [7] and TeMix [8] . As TE approaches and techniques evolve, new TE designs and mechanisms may emerge. These TE system mechanisms have their own strengths and targeted application fields. For the sake of facilitating the industry to select proper TE system designs and/or improving TE system designs, it is important to transparently evaluate and compare them.
Several field demonstrations of TE systems were performed in U.S. and Europe [3] , [4] . These field demonstrations showed the effectiveness of TE systems in some important aspects such as shaving peak demand. However, due to the complex interactions among the participants (actors), the unique characteristics of the test system and a limited number of scenarios that can be captured, certain characteristics and qualities of TE systems cannot be fully field-tested. For example, some critical issues such as load synchronization and sustained oscillations induced by transactive-based coordination strategies under some specific scenarios [5] may not be identified in demonstration or pilot projects due to limited number of participants, but may emerge in large scale applications. Therefore, it is important to perform comprehensive assessment on the TE systems for all credible system conditions and scenarios prior to deployment [4] . For the assessment, a valuation methodology that can transparently compare different TE systems is desirable. A generic valuation methodology for TE systems was proposed in [2] . It should be noted that there is no standard way to apply the methodology. Simulation-based valuation is one of the most cost-effective and time efficient methods.
The main challenges in evaluating TE systems are: 1) the value itself is hard to uniformly define, and it may be monetary or non-monetary; 2) TE systems are very diverse; 3) TE systems are comprehensive, and the supporting simulation platforms must be flexible and multi-disciplinary (market, distribution systems, bulk grid, buildings, appliances, distributed energy resources, etc.); 4) ensuring transparency in the valuation, including assumptions, data, methodologies and levels of detail.
These challenges are, to some extent, reflected by the fact that there are very few simulation platforms or tools for valuation of TE systems. Conventional simulation tools are targeted for specific domains of TE systems, thus they are not capable of fully revealing or determining the value and impact of TE systems for key participants and stakeholders. To address the simulation gaps of TE systems, co-simulation platforms and toolboxes have been developed [9] - [12] . A web-based co-simulation platform was developed for simulating TE systems in [9] . While it supports software level extension, it does not provide any mechanism for easy plugin of new TE agents for modeling new participants and/or new TE mechanisms. A co-simulation platform for smart grids named ValueFlex was developed in [10] . It combined a demand-side management tool and a load flow analysis tool with the scope of regulating voltage levels in low voltage networks. Thus, it tends to focus on distribution systems, lacking the capabilities of studying the interactions between distribution systems, bulk grid and wholesale markets. An agent-based platform combining a wholesale power market test bed and the GridLAB-D [18] was developed in [11] . A co-simulation platform that integrated MATPOWER [19] and GridLAB-D was developed in [12] . The two platforms above are mainly developed for specific market designs, and they do not provide any specific mechanism for modeling new participants and/or evaluating new TE mechanisms. Furthermore, these tools [9] - [12] do not explicitly take into account the grid changes and updates for long-term simulation and evaluation, that means they are only adequate for evaluating the short-term value and impact of TE systems. Other co-simulation methods and post-processing techniques discussed in [13] - [15] are for general energy systems, without special consideration of the requirements of valuation of TE systems. Therefore, a more flexible, extensible, publicly available simulation tool capable of supporting comprehensive, short-term and long-term simulation and evaluation of TE systems is desirable.
In this paper, a comprehensive simulation-based TE system valuation method is proposed. Based on the valuation method, a co-simulation-based TE simulation platform (TESP) has been developed to facilitate the valuation. Particularly, TE agents and application program interfaces (APIs) are defined to allow users to interface different TE schemes, agents and non TE controllers with TESP. The concept of growth model was implemented to support long-term evaluation of TE systems. To ensure transparency during the valuation, the scenario, use cases, and valuation metrics are defined. Furthermore, simulation results are pre-processed within TESP to generate intermediate base metrics and archived in an organized manner so that postprocessing can be performed by analysts and/or stakeholders to obtain the final valuation metrics based on their interests. The developed method and TESP have been tested on a study case developed from the Smart Grid Interoperability Panel (SGIP) Use Case 1 [16] .
II. VALUATION METHODOLOGY OVERVIEW
A conceptual valuation method was developed considering characteristics and requirements of TE systems [2] . In addition to TE systems, this method is applicable to valuation of other energy systems because it is scalable and context-based. This valuation method aims to support decisions by creating a framework to systematically assess the value of a system, process, object, or design. The valuation process usually starts with the narrative of the use case (i.e., emerging system, design, or technology that shall be assessed). The next step is identification and elicitation of all actors, activities, value objects and exchanges involved. Valuation diagramming is the next step to assure all entities are included and the flows of economic values are well captured. More details about valuation diagramming can be found in [17] . Relevant metrics for valuation comparison and assessment are then identified, and finally relevant modeling and simulation engines (discussed in the following section) are employed to quantify metrics identified.
This conceptual method, depicted in Fig. 1 , includes two types of models: an operational model and a growth model. The operational model emulates the performance of a system within a short time interval, e.g., a year, within which uncertainties related to variations in policies, infrastructure, resources, and consumer population and behaviors are all relatively static. The growth model is responsible for representation and quantification of the system's anticipated growth over a longer period of time. It defines how operations will change from one period to the next, considering wanted or unwanted changes over time.
III. TRANSACTIVE ENERGY SIMULATION PLATFORM
A. Overview of the Design of TESP
The design of TESP has the following main objectives: 1) Integration of separate transactive energy agents that encapsulate behaviors of market mechanisms and participants 2) Support of plugin non-TE agents to allow users to ex- With these objectives, the design and the federated simulation modules (simulators) of the current TESP implementation are shown in Fig. 2 . TESP includes distribution system simulator GridLAB-D for distribution system infrastructure and residential customers, transmission simulator MATPOWER for bulk power generation, transmission and wholesale market, and building simulator EnergyPlus [20] for commercial customers. It also provides plugin APIs for users to develop TE or non-TE agents and plug them into TESP. Currently, TESP includes TE agents for the market participation of residential customers and distributed energy resource (DER) owners. The integrating Framework for Network Co-Simulation (FNCS) [21] manages the time step synchronization and message exchange among all of the federated simulation modules. In this way, the TESP builds mostly on proven components, which helps mitigate risk in software development. Some of these components may be upgraded or replaced in future, if necessary. The growth model can be customized by users, and it interacts with the TESP by reading and writing Javascript Object Notation (JSON) files.
One important feature of TESP is that the plugin agents are built independently from the simulation modules and interact with the TESP through FNCS. Agent developers can work with a smaller code module written in the language of choice (current examples include C++, Java and Python). Furthermore, developers can work in a shorter cycle of specification, design, implementation, testing and refinement. This has reduced the effort and broadened the participation in developing new agents, compared to our team's earlier practice of modifying a much complex program like GridLAB-D. In the current release, supported plugin TE agents include a double-auction market agent, one per substation, a dual-ramp thermostat controller agent, one per house [6] . The integration of separate TE agents opens the door to future design and test of brand new TE mechanisms. Much of the future work envisioned for the TESP would focus on significantly expanding the numbers and capabilities of TE agents. The design document, examples, and source code of TESP are available from [22] . More details of the development of TESP will be discussed in the following subsections.
B. Plugin TE Agents 1) Double Auction TE Agent:
A double-auction market is a two-way market in which both suppliers and demanders (sellers and buyers) submit bids, including price and quantity, into a single energy market simultaneously [6] . The suppliers include distributed generation in the distribution system, as well as the bulk power supply from transmission systems. The demanders are the end-use loads. The double auction TE agent receives the supply and demand bids, resolves the bids into a common cleared market price and quantity, and delivers the cleared information (price and quantity) back to all participants.
2) Thermostat Controller TE Agent: A thermostat controller TE agent subscribes to the air temperature, HVAC power state, and the HVAC power if turned on from the associated house within GridLAB-D. The thermostat controller TE agent uses this information to help formulate a bid for electric power at the next market clearing, primarily the price and quantity. After each market clearing, the house thermostat controllers use that clearing price subscription, compared to their bid price, to adjust the HVAC thermostat set point. More details about its mechanism and implementation can be found in [6] .
C. Messages Between Simulators and Controller Agents
Messages are communicated between simulators and TE agents via FNCS at each simulation time step to achieve co-simulation of the whole transmission and distribution (T&D) system, as shown in Fig. 3 . These messages route through FNCS in a format like "topic/keyword = value". Once published via FNCS, any other simulators can access the value by subscription. For example, the transmission and wholesale market simulator, MATPOWER, is in charge of communicating bus voltages (AC power flow solutions) down to the energy distribution network, and the energy prices (DC optimal power flow solution for every market cycle) to the TE agents. Hence, it publishes two values, the positive sequence voltage at the bus and the locational marginal price (LMP) at a substation bus. GridLAB-D, as the distribution network simulator and subscriber to that voltage, uses it to update its power flow solution. The double-auction TE agent associated with the substation subscribes to the LMP, using it to represent a seller in the next market clearing interval. In turn, when a significant change in load occurs at the substation level, GridLAB-D publishes the value of the new total load to signal MATPOWER to calculate and update the power flow at the transmission system level.
EnergyPlus publishes three-phase power values after each of its solutions (currently on a five-minute interval). These are all numerically equal, at one third of the total building power that includes lights, office equipment, refrigeration, and HVAC loads. GridLAB-D subscribes to them in order to update its power flow model at the point of interconnection for the building, which is typically at a 480-V or 208-V three-phase transformer. EnergyPlus also subscribes to the double-auction market's published clearing price. With the price information, the HVAC loads adjust the settings based on a real-time price (RTP) response mechanism.
Message flows involving the thermostat controller, at the center of Fig. 3 , are a little more involved. From the associated house within GridLAB-D, it subscribes to the air temperature, HVAC power state, and the HVAC power if turned on. The controller uses this information to help formulate a bid for electric power at the next market clearing, primarily the price and quantity. Note that each market clearing interval will have its own market id, and that rebidding may be allowed until that particular market id closes. If accepted, a rebid simply supersedes the older bid for that market interval. When bidding closes for a market interval, the double-auction market will settle all bids and publish several values, including the clearing price, clearing quantity, average clearing price and its deviation. The house thermostat controllers use that clearing price subscription, compared to their bid price, to adjust the HVAC thermostat set point. As noted above, the building model in EnergyPlus also uses the clearing price to determine how much to adjust its thermostat setting.
D. Operational and Growth Models
In conventional power system simulation, we usually assume power systems having fixed topology and components during the whole simulation period. To properly and comprehensively evaluate some TE designs or programs, we may need to simulate the system for a period of up to several years. In addition, stakeholders are usually interested to know how the effectiveness of the adopted TE program(s) will change as the system evolves, for example, with more responsive loads and/or distributed energy resources (DER) being adopted in the system. Therefore, it is critical to take the system changes over time into account in the evaluation. The TESP adopts two models during simulation, i.e., the operational model-a system with fixed infrastructure, and the growth model, which updates the operational model to reflect system development or permanent changes, as shown in Fig. 4 . Growth model time steps would usually be monthly, quarterly, or yearly, but could also be as short as weekly. In its current form, the growth model adds new assets (e.g., storage, PV, controllers) to the existing feeder infrastructure and housing stock, based on regional probability distributions, load or house size, and assumed adoption rates. In some cases, these additions will overload transformers, lines or cables on the distribution system, and the growth model is able to "fix" these overloads by traversing a graph (i.e., node/edge) model of the feeder. In future versions, we plan to add growth agents (as non-TE agents) that will modify this type of growth during simulation, based on intermediate results and heuristics or investment decision-making models. New feeders can also be added heuristically to the distribution system model, representing the population growth. Ultimately, we want to enable users to investigate prosumer behaviors and policy changes by modifying these growth agents.
After configuration, the simulation begins with a system in the initial year-zero state, i.e., with no growth included. Events like peak load days, power system faults, transmission line outages, and bulk generator outages would occur within the operational model. These involve no permanent changes to the system infrastructure. Events like new loads, new DERs, and capital investments would occur within the growth model because they represent permanent changes to system infrastructure. Most of the time, this will require stopping and restarting the operational model and its federated simulators.
E. Output Metrics and Dictionaries to Support Evaluation
We recognized that different stakeholders may be interested in different parts of the system and results, or they will weigh the valuation metrics differently based on their interest or preference, and that transparency and flexibility of the valuation would be unnecessarily affected if all the valuation metrics are calculated internally within the TESP. Therefore, the whole evaluation is divided into simulation and post-processing (evaluation) stages, as shown in Fig. 5 .
The TESP produces various outputs that support comparative evaluation of different scenarios. Many of these outputs are nonmonetary, so a user needs to apply different weighting and aggregation methods to complete the evaluations. This is done in the post-processing part through evaluation scripts, written in Python or any other convenient language. 
TABLE I EXAMPLES OF THE BASE METRICS AND INPUTS
For both simulation and post-processing efficiency, each simulator outputs intermediate base metrics instead of all raw simulation results, as illustrated in Fig. 6 . For example, if GridLAB-D simulates a three-phase commercial load at 10-second time steps, the voltage metrics output would only include the minimum, maximum, mean, and median voltages over all three phases, and over a metrics aggregation interval of 5 to 60 minutes. This saves considerable disk space and processing time. In addition, a core set of base metrics are defined, and other metrics can be derived from one or more of these base metrics. The base metrics address four categories-system operations, assets/devices, customers and markets. Some example base metrics are presented in Table I . A more detailed description of the base metrics can be found in [17] . The inputs help identify what simulation results need to be collected and used to calculate the base metrics.
To support the calculation and output of basic metrics, base metrics calculator modules were developed and added to each simulator. For example, in GridLAB-D, new classes were added to the "tape" module of GridLAB-D, as shown in Fig. 6(b) . Most of the outputs come from billing meters, either singlephase triplex meters that serve houses, or three-phase meters Fig. 7 . UML diagram of the dictionary associated with MATPOWER that serve commercial loads. The power, voltage, and billing revenue outputs are linked to these meters, of which there may be several thousand on a feeder. Houses, which always connect to GridLAB-D triplex meters, provide the air temperature and set point deviation outputs for evaluating occupant comfort. Inverters, which always connect to GridLAB-D meters, provide real and reactive power flow outputs for connected solar panels, battery storage, and future DER such as vehicle chargers. Note that inverters may be separately metered from a house or commercial building, or combined on the same meter as in net metering. Feeder-level metrics, primarily the real and reactive losses, are also collected by a fourth class that iterates over all transformers and lines in the model; this substation-level class has just one instance, and is not shown in Fig. 6(b) . An hourly metrics output interval is shown, but this is adjustable.
Information such as the association relationships between houses and feeders (and/or substations), generation operation cost, fuel types and greenhouse gas emission rates are generally required in the post-simulation valuation, but not part of the simulation results. Dictionaries for storing such necessary information are adopted in TESP, and provided to analysts to complete the final evaluation. For example, the MATPOWER dictionary (shown in Fig. 7) includes the system MVA base (typically 100) and the GridLAB-D feeder amplification factor. The amplification factor is used to scale up the load from one simulated GridLAB-D feeder to represent many similar feeders connected to the same MATPOWER bus. Each generator has a bus number (more than one generator can be at a bus), power rating, cost function (f (P ) = c 0 + c 1 P + c 2 P 2 ), startup cost, shutdown cost, and other descriptive information. More details about the dictionaries generated by the simulation tools can be found in [17] , [22] .
IV. A VALUATION EXAMPLE
A. Scenario and Use Cases
A scenario of inadequate power supply during a peak heat day, which was one of the TE application landscape scenarios developed by SGIP [16] , was used in this paper. It should be noted that the scenario only described the system situation at a high level. Based on the high-level scenario, suitable grid models, including distribution feeder models, transmission system models, houses and TE-responsive devices, and a doubleauction TE mechanism were developed. Fig. 8 shows the types of assets and stakeholders considered for the use cases in this paper. The active market participants include a double-auction market at the substation level, the bulk transmission and the Two use cases, i.e., with and without the TE system, were set up for comparison. In the base-case scenario, each utility and customers in the system are expected to experience high price due to the coincidence of the generation outage period and peak load hours. In the transactive scenario, nearly everything remains the same, except a double-auction transactive market coordinates residential space conditioning. As the last low-price resources become dispatched, the costly final resources elevate the transactive price signal, thus causing transactive assets to respond. Consequently, the total load and cost might be reduced. The principal valuation metrics for the use cases address the costs and load reduction brought about by the TE system.
B. Simulation Models
A 3-machine, 9-bus transmission system model shown in Fig. 9 (modified based on the case9.m case in MATPOWER) is used to represent the transmission system. A high-cost generation unit was added to bus 9 to provide spinning reserve (backup capability) to the system.
One of the taxonomy distribution feeders representative of residential feeders in the western region of United States, named R1-1 12.47 kV feeder [23] , is adopted to represent the feeders in the test case. The feeder was connected to bus 7 of the transmission system, and scaled up to represent multiple feeders (the scale factor is 20 in this paper). Models of houses, battery storages and rooftop PV of different sizes appropriate to the region are added to (with random placement) the feeder. The resulting feeder model included 1594 houses, 755 of which had air conditioning that participated in a transactive market, and approximately 4.8 MW peak load at the substation.
A primary school reference model of the U.S. Department of Energy (DOE) commercial reference buildings [24] appropriate to the selected study region was modeled in EnergyPlus, and connected to the feeder model at a 480-volt, three-phase transformer secondary. The total electric load varied from 48 kW to about 115 kW, depending on the hour of day. The EnergyPlus agent program collected metrics from the building model, and adjusted the thermostat set points based on the real-time price, which is a form of passive response.
The growth model has been implemented for yearly increases in PV adoption, storage adoption, new (greenfield) houses, and load growth in existing houses. In this paper, only the PV and storage growth has been considered, as shown in Table II . In the cases SGIP1a and SGIP1ex, with no (significant) transactive mechanism, one HVAC controller and one auction market agent were still used to transmit the LMP from MATPOWER down to the EnergyPlus model, which still responded to real-time prices. Currently, only the HVAC controllers were transactive. PV systems would operate autonomously at full generation output that is calculated based on the input weather data, and storage systems would operate autonomously in load-following mode [26] . Transactive responses from PV and storage systems will be considered in the next phase of the study.
In this simulation, the weather data in Typical Meteorological Year 3 (TMY3) [25] data sets for Arizona was used, and the simulation was run for two days, beginning at midnight on July 1, 2013, which was a weekday. A normal day was simulated in order for the auction market history to stabilize, and on the second day the generator connected to bus 2 was taken off-line to simulate a contingency, which resulted in inadequate generation supply.
C. Improvements to Address the Oscillation Issue
Earlier versions of TESP produced oscillatory responses for this case [17] , which were partially due to the cobweb effect [27] . Several improvements were made to address the system oscillatory responses after the contingency: 1) Aggregate all of the controller bids into a feeder aggregate bid curve, which is fitted to a quadratic cost function. This aggregate bid participates in the wholesale market as a dispatchable load, mitigating the cobweb effect. 2) Ensure that the aggregator estimates the feeder nonresponsive load accurately, which in turn, requires each controller to transmit its on/off state for each market period, whether bidding or not. The aggregator estimates non-responsive load by subtracting the reported transactive load from the measured feeder load. Stale HVAC state information would lead to gross errors, both in simulation and the real world. 3) Randomize the controller price caps, such that they don't all suddenly bid the market price cap when their house temperatures reach the consumer's limit. This mitigates against large step changes in the aggregate bid curve, and mimics real-world variance in consumer price caps. 4) Run the distribution system simulation at a much smaller time step compared to the market clearing interval, for example, 3 s when the market clearing interval is 300 s. This diversifies the impact of HVAC on/off switching, and also mitigates the effect of communication lags introduced by the co-simulation. In FNCS, each message transmission inserts a delay of one time step, even when the communication system is idealized. Assume the market clears at time T and distribution system simulation time step is Δt. At a market clearing interval, the following five sequential steps occur: a) At T − 3Δt, the controllers transmit the final bids and on/off state; b) At T − 2Δt, each feeder aggregator constructs and transmits a bid curve for dispatchable loads, then estimates non-responsive load; c) At T − 1Δt, the wholesale market solves optimal power flow and calculates the LMPs; d) At T − 0Δt, each feeder aggregator transmits the cleared price to the controllers; e) At T + 1Δt, the controllers move the house thermostat setpoints, if their bids were accepted. The steps above imply a 4-simulation-time-step delay between a controller bidding, and its impact on the feeder load. As with any dynamic system, long delays could lead to instability. Increasing the bid function slope (i.e., gain), for example, in the form of large step changes, can also lead to instability [28] . These factors become increasingly important as a higher percentage of the loads participate in the market, and they should be addressed in transactive system designs, including the communications and sensors, tested through adequate co-simulation platforms. In this case, the peak responsive load is 28% of the bus 7 peak load, and 11% of the system peak load.
D. Valuation Results
The valuation results from the five study cases considering the growth model are shown in Figs. 10-12 and Tables III-VIII. The total load and location marginal price (LMP) at bus 7 of the transmission system are shown in Fig. 10 . The statistics of LMP are shown in Table III .
Note that the detailed feeders modeled in the GridLAB-D are connected to bus 7, as shown by the "transactive" load in Fig. 9 . The LMP at bus 7 is at a normal level (around 7   TABLE IV  TOTAL HOUSE HVAC ENERGY CONSUMPTION   TABLE V  TOTAL PV OUTPUTS AND REVENUE 0.02 $/kWh) before the occurrence of the generation outage but increased significantly after the outage of a large generation unit in the transmission system and turning on the higher cost generation unit at bus 9 to balance generation and load. In cases SGIP1b)-SGIP1e), while transactive controls for HVAC systems come into play and reduce the load of the feeders and the total load at bus 7, TE controls have noticeable impact on the system in terms of reducing the substation total load for both the non-event and event days in this case. Since the LMP at transmission bus 7 stays at a high level (for example, 0.3 $/kWh and above) for several hours starting around the noon of the second day (hour 36), the average double-auction clearing price becomes high.
In Fig. 11 , the two cases without a TE market (SGIP1a and SGIP1ex) have the HVACs run more often to keep the average house temperatures lower than any case with a market (SGIP1b-e). The effect of the market is evident even on day one, because the HVAC power is less and the average house temperature is higher. During the outage on day 2, the average house temperature increases to the average maximum (i.e., 87.5 degrees), with initial reduction of about 10% in the HVAC power. As the price begins to decrease at around hour 42, many of the HVACs turn on and create a peak load that is similar to that without the market. Another transient occurs between hours 25 and 30, caused by a price increase that is small in absolute terms, but more significant as a percentage of the moving average price. To mitigate these transients, changes to the bidding parameters are under further investigation, as in [28] . The PV and storage in cases SGIP1c-e reduce the metered energy usage and bill, but they have little effect on the HVAC behavior. Even though PV and storage reduced the LMP in Fig. 10(b) , house temperatures are still at the limits during most of the day time on day 2.
Impact of the TE market and increasing adoption of PV and storage on the generator cost, revenue, and profit are shown in Fig. 12 . From the comparison between cases SGIP1a and SGIP1b, deployment of TE market caused decrease of the total generation revenue and profit by approximately 0.15 million in these two days. From the comparison between non-event day and event day of SCIP1b case, there is an increased generation cost of approximately 0.2 million, and an increased revenue of approximately 1 million in these two days. With the increasing penetration of PV and battery storage, the operation cost of the bulk generation decreases due to their reduced output. However, the revenue and profit decrease much more significantly.
Total house energy consumption reduces by 3176 kWh after attaching TE controllers to half of the houses in case SGIP1b compared to case SGIP1a. The total decrease of the energy is mainly due to the reduction of house HVAC energy consumption, which is 3174 kWh as indicated in Table IV . The HVAC energy consumption does not change much in cases SGIP1c-SGIP1e.
For the rooftop PV system, the fraction of residences having PV systems is successively increased by 10% in cases SGIP1c to SGIP1e. Power outputs from the PV systems are increased, as indicated from Table V. The PV revenue is calculated based on the double-auction market clearing price in each time step, and the total PV revenue in each case is given in Table V. The electricity bills are calculated based on the billing meter energy and retail electricity price. As seen from Table VI, the electricity bills are reduced in TE cases SGIP1b and SGIP1e, compared to the corresponding non-TE cases SGIP1a and SGIP1ex, respectively, which is a result of the reduced household energy consumption under the temperature adjustments of controllers. In cases SGIP1b-SGIP1e, less electricity is consumed due to the power supplied from PV systems and batteries to the meters. In this way, the electricity bills are further reduced with the increasing number of PV systems and batteries from cases SGIP1b to SGIP1e.
Greenhouse gas emission from the generator is an important metric for showing social impact of TE systems. The generator operation costs and types are shown in Table VII . Typical generator heat rates are taken from U.S. Energy Information Agency (EIA) electric power annual 2015 data [29] , and the emission rates used in this valuation are based on data provided in [30] . As shown in Table VIII , deployment of TE system in one substation in this case helped reduce approximately 0.24 million lb CO 2 emissions in two days. In addition, the use of PV and energy storage contribute to about 0.5 million lb CO 2 emission reduction.
V. CONCLUSION
The main contribution of this paper is the successful integration of all the essential components (transmission system, wholesale market, distribution system, TE market, residential and commercial buildings and their TE controllers) in TESP. This has enabled and facilitated performing valuation of TE systems in a truly wholistic manner such that the impact on all stakeholders could be comprehensively analyzed, which is critical for informed decision making. The developed plug-in approach allows further research to focus on the agents and market mechanisms, without reprograming any of the simulators. Compared to the earlier results in [17] , the simulation results in this paper confirmed the importance of dedicated implementation and comprehensive evaluation of TE systems due to the complexity of TE systems. In addition, the study provided a concrete solution to mitigate the market stability issue. Some critical details of our solution are discussed: 1) properly aggregating and representing the distribution transactive and non-transactive loads in the wholesale market; 2) reducing the delays in measurement and communication; 3) ensuring enough diversity in the controller bid price caps. Lastly, with the growth model being taken in to account in the design of TESP, effects of the TE mechanisms on the whole system as the system evolves over time can be better simulated and understood. TESP is open-source and can be accessed and downloaded from [22] .
The work planned and in progress includes development of many more TE agents, including smart load shedding, storage value stream optimization, local autonomous voltage control, refrigeration control, distribution system operators, multi-level aggregators, and test harnesses for controller software-in-theloop. Other near-term focus areas include transactive commercial buildings, transactive industrial facilities, and more realistic communication system designs. At least two university research groups in U.S. are currently using TESP, and we aim to broaden that community as the platform becomes more capable.
